We show that optically pumped semiconductors can exhibit superconductivity. We illustrate this phenomenon in the case of a two-band semiconductor tunnel-coupled to broad-band reservoirs and driven by a continuous wave laser. More realistically, we also show that superconductivity can be induced in a two-band semiconductor interacting with a broad-spectrum light source. We furthermore discuss the case of a three-band model in which the middle band replaces the broadband reservoirs as the source of dissipation. In all three cases, we derive the simple conditions on the band structure, electron-electron interaction, and hybridization to the reservoirs that enable superconductivity. We compute the finite superconducting gap and argue that the mechanism can be induced through both attractive and repulsive interactions and is robust to high temperatures.
I. INTRODUCTION
Superconductivity is unarguably a fascinating phase of matter with tremendous applications. This lowtemperature instability towards zero-resistivity corresponds to the emergence and the condensation of Cooper pairs of electrons. In most simple metallic systems, the pairing is achieved by phonon-mediated interactions 1 and the superconducting temperature does not exceed a few Kelvins. The last fifty years have seen some remarkable progress in the understanding of superconductivity. Cuprates 2 and iron pnictides 3,4 now offer critical temperatures on the order of a hundred Kelvins. They were dubbed "high-temperature superconductors", as such temperatures can be easily achieved with liquid nitrogen. All this allowed superconductivity to become a cornerstone to many modern technological developments 1 . The Josephson effect is routinely used in superconducting quantum interference devices (SQUID) 1 , and its inherent non-linearity is widely used to build qubits 5, 6 . The Meissner effect and the zero resistivity are used to realize powerful magnets 7 . However, the search for roomtemperature superconductivity is still a very active field of research 8 .
Pioneering examples of the use of AC microwave fields in condensed matter systems have been to enhance the critical temperature of regular superconductors by redistributing the quasiparticle density near the Fermi surface 1 . More recently, it was established that an AC electric field leads to a renormalization of the lattice hopping parameters [9] [10] [11] . It has been suggested that in interacting systems such as the Bose-Hubbard model it is thereby possible to induce a superfluid Mott insulator phase transition [12] [13] [14] . Reversing the signs of the hoppings in a lattice model could be used to realize frustrated classical spin systems 15 . In the case of electrons driven by a laser field, many interesting phenomena have been proposed 16, 17 . These include dynamical band flipping and splitting 18 , interaction strength renormalization, changes in the sign of the effective interaction strength leading to s-wave superconductivity with repulsive bare inter- actions and negative absolute temperatures for a laserdriven band model. In this work, we envision a novel route to achieve superconductivity which consists of optically driving a twoband semiconductor to a suitable non-equilibrium steady state which supports electron pairing. Importantly, we shall demonstrate the robustness of this mechanism with respect to temperature, up to room temperature, as long as it is smaller than the semiconducting gap.
In Sect. II, we take a pedagogical route to demonstrate this effect by considering a model of a two-band semiconductor in tunneling contact with two reservoirs provided, say, by a metallic plate [see Fig. (1) ]. We carefully show that it is possible to induce superconductivity in this system under favorable conditions involving the electronic dispersion, the electron-electron interaction, and the hybridizations to the reservoirs as well as the chemical poarXiv:1406.7299v1 [cond-mat.supr-con] 27 Jun 2014 tential.
In Sect. III, we argue that the previous case can be reduced to a simpler yet more realistic model of a twoband semiconductor -not in strong tunneling contact with any engineered external reservoirs -which is optically pumped by a broad-band light source. In many ways, it is the most relevant model discussed in this manuscript and the reader eager to learn about these results can directly jump to Sect. III which is written in a self-contained fashion.
In Sect. IV, we provide an alternative derivation of the previous results by means of a Keldysh formalism approach. In particular, this allows to justify properly an approximation used to self-consistently compute the superconducting gap.
For the sake of completeness, we review in the Appendix the case of a three-band semiconductor in which the extra band plays the role of the reservoirs in Sect II.
II. LASER-DRIVEN DISSIPATIVE TWO-BAND SEMICONDUCTOR
Let us consider a semiconductor with two relevant electronic bands: the lower band (α = 1) with dispersion E 1 (k) and the upper band (α = 2) with dispersion E 2 (k) are separated by a gap E g . For the sake of simplicity, let us assume that the dispersion is symmetric so that E α (k) = E α (−k) for both bands α = 1, 2; this will allow for s-wave superconductivity without any energy mismatches. The semiconductor is driven by a continuous coherent laser source with frequency ω 0 . This induces transitions between the bands if there are momenta k 0 such that E 2 (k 0 ) = E 1 (k 0 ) + ω 0 . In practice this condition is easily met and the corresponding momenta lie on a finite closed surface S ω0 of the Brillouin zone. In particular we assume that the level surfaces of E 1 (k 0 ) and E 2 (k 0 ) have good overlap (which would happen for say parabolic bands). The laser acts as a source of energy and we provide a heat sink by coupling each band to an independent reservoir which can exchange particles and energy. Both reservoirs are kept in equilibrium at temperature T and chemical potential µ. In principle, one can also consider a single reservoir provided that its density of state is broad enough to overlap with the upper and lower bands. We set the chemical potential in the gap, exactly halfway between the two bands,
This ensures that all quasiparticles have zero energy. In the rotating frame, this will correspond to a zero-energy condition for the electrons at k 0 ∈ S ω0 . Below, we measure energies relative to µ, i.e. we set µ = 0. We shall see later that the ability for the electronic bands to acquire non-trivial populations is crucial to the occurrence of superconductivity. In the case at hand, this is favored if the two reservoirs have different density of states or different coupling strength to the bands. In the Appendix, we shall see that a third band, or alternatively as in Sect. III, other k modes in the same band can also play this role.
In order to establish that superconductivity can be realized in such a driven-dissipative system, we first solve for its non-equilibrium steady-state dynamics by means of a Master equation approach. Within a self-consistent mean-field approach, we then obtain the criteria for superconducting pairing and estimate the size of the superconducting gap. Finally, we discuss the robustness of our results, in particular against finite temperature.
In particular, c
, and H → H = U [H − i∂ t ] U † so that the energies are shifted to E 1 (k) = E 1 (k) + ω 0 /2 and E 2 (k) = E 2 (k) − ω 0 /2. Note that in the rotating frame, n 
We drop all terms rotating at 2ω 0 since they are not resonant with any transition. We also drop the k-dependence of the decay rates Γ 1,2 (k) → Γ 1,2 , which is justified by assuming their weak momentum dependence in the small window of momenta around the surface of resonant condition S ω0 . Altogether, we obtain
where we defined
The steady-state values of populations, coherences and anomalous correlators can now be solved by setting the left-hand side of Eqs. (9) to zero. We find that
where n 11 k + n 22 k − 1 measures the fraction of the total population that can be borrowed from, or shifted to, the "storage" constituted by the reservoirs or by the other k modes away from resonance. It is given by
where we defined γ 1,2 ≡ Γ 1,2 /Γ,
and we neglected a term proportional to n F (E 1 (k)) + n F (E 2 (k)) − 1 since this factor vanishes at zero temperature and is exponentially suppressed for temperatures smaller than the semiconducting gap E g . Anticipating what follows, we shall see that only a nonvanishing value of n 11 k + n 22 k − 1, i.e. a finite population deviation from the equilibrium situation, will amount to superconductivity. It is quite transparent from Eq. (11) that in order to obtain such non-trivial band populations, one must drive the system (Ω = 0) and the decay rates Γ 1 and Γ 2 must be different (γ 1 = γ 2 ).
When the drive Ω is large compared to Γ, the ratio
is very large near the resonance ( k = 0). In this case, and when the temperature is much smaller than the semiconducting gap, the non-equilibrium population deviation simplifies to
which holds in a range of width Ω near the resonance. Hence, Ω plays the role of a cut-off, and for energies | k | < Ω we can use the approximate expression in the equation above. Notice that one can achieve finite nonequilibrium population deviations in this range of k , on the order of γ 1 − γ 2 . Moreover, notice that the sign of this deviation depends on which of the decay rates Γ 1 or Γ 2 is larger, see also Fig. (2) . In the opposite case in which the decay rate Γ is much larger than the drive Ω, the non-equilibrium population deviation is (for bath temperatures much smaller than the semiconducting gap)
B. Self-Consistency Equation
We now solve self-consistently for the superconducting gap. The pairing part of the mean-field Hamiltonian originates from a microscopic Hamiltonian which involves a density-density type of interaction between the electrons in the semiconductor. The mean-field decoupling for this Non-equilibrium population deviation due to driving and dissipation. The laser causes an electron in the valance band to transition into the conduction band. The figure illustrates particular examples when the two rates Γ1,2 differ substantially. In (A), the rate Γ1 Γ2, so the reservoirs fill the hole in the valance band much faster than the electron in the conduction band can relax back; the state is blocked, and one has n 11 k + n 22 k − 1 = +1. In (B), the rate Γ2 Γ1, so the reservoirs remove the electron in the conduction band much faster than it can relax back; one is left with two holes, and one has n microscopic interaction of strength V (in a system of volume V) is given by:
where we wrote (dk (17) is solved self-consistently by using the anomalous correlator in Eq. (10). The correct self-consistent condition involves only the real part of Eq. (10); this assertion will be justified in Sect. IV where we properly obtain the self-consistency relation from a saddle point condition (notice that this is trivially true in the limit Γ → 0). Assuming that Ω Γ and using Eq. (13) for the populations, the resulting gap equation reads
with N 0 ≡´(dk) δ( k ) the density of states near the resonance.
Below, we study the solutions of the self-consistent equation in a few relevant cases.
Bands with opposite velocities at resonance
This is a very favorable case, so let us start with it. On the resonant surface S ω0 , the dispersion relations of both bands can be Taylor-expanded as
2 . Upon using this E( ) in Eq. (18) and extending the limits of integration to ±∞ (for large Ω), we obtain
Notice that this equation can be satisfied for both attractive or repulsive interactions depending on the relative signs of γ 1 − γ 2 and of κ + . Superconductivity is possible if the sign of V satisfies
and its magnitude satisfies the threshold condition
This expresses the fact that superconductivity is favored by small and different decay rates. If the conditions in Eqs. (20) and (21) are met, the superconducting gap is given by
For large coupling constant, the gap scales as the square of the interaction strength V . Notice also that the gap does not vanish in the limit Γ → 0 because the threshold disappears simultaneously. In this limit,
Robustness. Let us examine the domain of validity of our results. Let us first argue that the condition v + = 0 that we used above can be achieved by a proper choice of the laser frequency ω 0 . In practice, one may proceed as follows. The resonance surface S ω0 can be swept as one changes ω 0 . At k 0 ∈ S ω0 , k0 = 0 by definition. Assume for simplicity a spherical-symmetric dispersion. As one scans ω 0 , one should search for the frequency for which E k0 reaches an extremum, either a minimum or maximum. The extremum would correspond to a zero of v + . Finding the extremum condition may require using higher and lower bands; we illustrate this for a few examples of band structure topologies in Fig. (3) . By changing the chemical potential, one can make the value of the extremum be zero, i.e. E k0 = 0, and therefore
Additionally, we note that our results are relatively stable in the case of a non-vanishing v + . Indeed, our results are essentially unchanged as long as
Most importantly, our results are robust against finite temperatures of the reservoirs. Indeed, this corresponds to changes in n F (E 1 (k)) and n F (E 2 (k)) which may be neglected for temperatures less then the semiconducting gap E g .
Weak Rabi frequency
Previously we considered the case in which the laser Rabi frequency Ω was large compared to the decay rate Γ. This condition is most favorable towards superconducting pairing; however for many systems it is not satisfied. For lasers with moderate power (say on the order of milliwatts) and semiconductors at room temperatures, the laser Rabi frequency is several hundred megahertz while the carrier decay rate is several tens of gigahertz. It is therefore relevant to repeat the previous analysis in the less favorable case in which the Rabi frequency is less than the particle decay rate.
Following the steps of Sect. II B 1, but using here the non-equilibrium population deviation given in Eq. (14), the superconducting self-consistency equation now reads
We recover the previous condition on the sign of the electron-electron interaction, namely
and the threshold condition now reads
Compared to the case Ω Γ [see Eq. (21)], the threshold condition has changed by a factor 4γ
We note that, while in this case both factors Γ 2 /Ω 2 and |κ + | Γ/(|v − | 2 + Γ |κ + |) increase the threshold, this could be compensated if the two bands have rather different decay rates, in which case the factor γ 1 γ 2 can be small. If both conditions in Eqs. (26) and (27) are met and |v − | 2 |κ + | Γ, the gap is then given by
Note that for large electronic interactions |V |, the gap is linear in the decay rate Γ. Vanishing decay rates. One particularly interesting case is when the Rabi frequency is small but the two decay rates Γ 1 and Γ 2 are very different so that γ 1 γ 2 ≈ 0. Repeating the previous steps, the superconducting selfconsistency equation reads
yielding the condition
and the threshold
We note that this is the same threshold as in Eq. (21) where we considered the case of a large Rabi frequency Ω Γ. Whenever this threshold is satisfied in the case of a large |v − |, the superconducting order parameter reads
III. OPTICAL PUMPING OF A TWO-BAND SEMICONDUCTOR
Let us now turn to an alternate scenario, which may be more easily realized in the lab. Let us consider a two-band semiconductor model whose population of the bottom band is optically pumped into the upper band via a broad band light source and whose interband relaxation is slow, e.g. negligible optical phonon coupling. The lower band (α = 1) with dispersion E 1 (k) and the upper band (α = 2) with dispersion E 2 (k) are separated by a gap E g .
In order to reach a non-trivial steady state, the coupling to a thermal reservoir is necessary to drain the energy which is continuously injected in the system. However, unlike the previous case, the reservoir does not need to play the role of an extra "storage" of particles (or holes) and a single weakly-coupled reservoir is enough. We set the chemical potential µ in the gap, see Fig. (4) , such that there are momenta k 0 lying on a closed surface S of the Brillouin zone where the condition E 1 (k 0 ) + E 2 (−k 0 ) = 0 is satisfied. Here, µ corresponds to the field produced by the external voltages (say set by external gates). We do not assume that E α (k 0 ) = const. We shall also assume the the optical pumping laser (or broadband source) is not on resonance with these momenta k 0 .
Neglecting superconductivity temporarily, the main effect of the optical pumping is to modify the population of the lower and upper bands to some non-trivial distribution. Since the pumping and the interband relaxation is weak, the populations of the two bands relax to a separate quasi-thermal equilibrium within each band. Therefore, the bands can effectively be seen as having two different chemical potentials µ 1 and µ 2 21 . We note that µ 1 and µ 2 are not directly related to the energy levels of the Hamiltonian describing the semiconductor. They can be seen as the Lagrange multipliers enforcing the average number of particles in the two bands and depend on the balance between the strength of the drive and the interband relaxation. Once the system is quasi-equilibrated,
we may write
−1 is the FermiDirac distribution and T is the temperature of the underlying crystal. The equations of motion for the populations and anomalous correlators which are consistent with the steady state given in Eqs. (33) read:
. Γ α are the relaxation rates for the two bands and Γ 12 is the superconducting decay rate. In principle, these can be obtained by linearizing the Boltzmann equation (collision integral) close to equilibrium. Typically, Γ 12 ∝ Γ 1 + Γ 2 21 . We also drop the k dependence of Γ since we are only considering a small portion of the Brilluion zone near the surface S. The steady-state solution of these equations reads
and
where we defined Other pumping schemes If other bands are present, other pumping schemes can be considered. For instance, a third band can be used to either populate or depopulate the two other bands, see Fig. (5) . We note that with these pumping schemes we can choose the sign of the population deviation n 11 k − n 22 −k − 1. Also, our method is likely to work with carrier injection pumping 22 . The conclusions presented in this Section apply just as well for these generalized scenarios.
A. Self-consistency equation
We now solve self-consistently for the superconducting gap. The pairing part of the mean-field Hamiltonian originates from a microscopic Hamiltonian which involves a density-density type of interaction between the electrons in the semiconductor. The mean-field decoupling for this microscopic interaction of strength V (in a system of volume V) is given by:
where we wrote (dk) ≡ d d k/(2π) d to shorten notations. We solve for the self-consistent condition Eq. (39) using the anomalous correlator in Eq. (35). The correct self-consistent condition involves only the real part of Eq. (35); this assertion will be justified in Sect IV where we properly obtain the self-consistency relation from a saddle point condition (notice that this is trivially true in the limit Γ → 0). The resulting gap equation is
Let us now study the solutions of the self-consistent equation (40) by first focusing on the very favorable case in which the two bands have opposite velocities. On the resonant surface S, where E 1 (k) + E 2 (−k) = 0, the dispersion relations can be Taylor-expanded as E 1,2 = v 1,2 q ⊥ + κ 1,2 q 2 ⊥ + . . . , where q ⊥ is the momentum perpendicular to the resonant surface S. So E = v + q ⊥ + κ + q 2 ⊥ + . . . , where v ± = v 2 ± v 1 and κ ± = κ 2 ± κ 1 . When the velocities are opposite in the two bands, i.e. v + = 0, one can express E(
2 . Upon using this E( ) in Eq. (40) and extending the limits of integration to ±∞, we obtain:
Here N 0 is the density of states at S. We note that in the case where κ + is not uniform over the surface S we can replace |κ + | in the equation above by its average to obtain the correct results for this case. We will not consider this extension further. Notice that this equation can be satisfied for both attractive or repulsive interactions depending on the relative signs of n F (E 1 (k), µ 1 ) + n F (E 2 (−k), µ 1 ) − 1 and of κ + . Superconductivity is possible if the sign of V satisfies
and if its magnitude satisfies the threshold condition
Here
The condition in Eq. (43) is very similar to the one obtained in Eq. (21). This expresses the fact that superconductivity is favored by small decay rates, e.g. weak coupling to longitudinal phonons and impurities. If the conditions in Eqs. (42) and (43) are met, the superconducting gap is given by
This corresponds to a robust gap that scales linearly with the decay rate Γ, and, for large coupling constant, scales as the square of the interaction strength V . Robustness. Let us examine the domain of validity of the results we presented in this Section. First, we remark that they are relatively stable in the case v + is nonvanishing. Indeed, the results are essentially unchanged as long as
Therefore, the condition v + = 0 that we used above does not have to be perfectly tuned. Most importantly, the results of these Section are stable to changes of temperature in the semiconductor. Indeed those would correspond to changes in n F (E 1 (k)) and n F (E 2 (k)) which may be neglected for temperatures less then the semiconducting gap E g . We note that in realistic setups, Γ may be temperature dependent.
IV. KELDYSH APPROACH
In this Section, we revisit the self-consistent mean-field condition for superconductivity that we used multiple times in the previous Sections. Starting from a particle conserving theory, we justify the approximation that we used to obtain Eqs. (18) and (40) which consisted in considering only the part of the anomalous correlator s †21 k in phase with ∆ * . For the sake of simplicity, we concentrate on the case described in Sect. II. We derive a Keldysh mean-field theory for the laser-driven semiconductor system and solve for the symmetry-breaking order-parameter corresponding to the superconducting pairing. The full Keldysh action reads
with
where Φ(r, t) ≡ c 1 (r, t) c 2 (r, t),Φ(r, t) = c 2 † (r, t)c 1 † (r, t), V is the coupling strength and S other is the quadratic action corresponding to all the other terms in the Hamiltonian (1) such as c
and a 2 k,n . Υ is the Keldysh contour which goes forward from time minus infinity to plus infinity and then backward. We now perform a Hubbard-Stratonovich transformation in S e−e so as to obtain
Integrating out all the fields in S K except for ∆, we obtain an effective action for ∆ (r, t) and the zero-source generating functional reads
with the effective action expressed in terms of the fields ∆ + and ∆ − which correspond to the order-parameter in the forward and backward branch of the Keldysh contour
can be computed through a series of Feynman diagrams as represented in Fig. (6) . The propagators for these diagrams are those that make for the action S other . Given that S other is Gaussian, we use Wick's theorem to calculate those Feynman diagrams.
We solve for the saddle point of the effective action by focusing on the solutions that are homogeneous in time and space. We write ∆ ± = ∆ ± δ, and note that the effective action vanishes for δ = 0 for any ∆. This is a general result that stems from the fact that for classical field configurations, the action on the backward branch is canceled exactly by that of the forward branch. Thus, the variation of the effective action with respect to ∆ vanish for fixed δ = 0. The condition that determines ∆ at the saddle, is obtained by varying the action with respect to δ: expanding the action in powers of δ, the saddle point condition is that the terms linear in δ vanish. These terms can be collected in perturbation theory.
Expanding S eff [∆, δ], we observe that all the terms contain δ∆ * , δ * ∆, and powers of |∆| 2 . The action is invariant under simultaneous phase rotations of δ and ∆. So we can fix the phase of δ to be zero, i.e. make δ real (this is, of course, a gauge choice for the fermionic description of the problem). All terms linear in δ are multiplying the combination (∆ + ∆ * ) and powers of |∆| 2 . Factoring out this combination δ(∆ + ∆ * ) in the expansion of S eff [∆, δ] leads to an equation that depends only on |∆|. This equation determines the saddle point value for |∆|. We choose ∆ to be real as well, and then simplify the saddle point search by considering both δ and ∆ in phase and real. The net effect of this procedure is to neglect the relative phase fluctuations of ∆ + and ∆ − -which are assumed to be small for a physical solution. The saddle point equation in this case becomes
We compute ∂ δ L [∆, δ] δ=0 by summing over the Feynman diagrams in Fig. (6) and obtain
Here G A/R/K stand for the advanced, retarded and Keldysh components of the electronic Green's functions for the bands 1 and 2, with respect to the action S other , and σ y is the usual Pauli matrix which acts on the space spanned by the two bands α = 1, 2. (Notice that G A/R/K are 2 × 2 matrices because of the two bands.) The Pauli matrix σ y and the negative frequencies −ω in some of the Green's functions come about because some of the propagators shown in Fig. (6) originate from the same vertex (or, equivalently, there are particle and hole propagators). We now observe that this series can be resumed and the trace can be greatly simplified:
In case the superconducting field |∆| is small, this expression Eq. (52) may be further simplified:
Using the quantum regression theorem 23 , one can compute the various Green's functions
. We may now perform the various traces and integrals over ω in Eq. (53) above. With this, we solve for the stationary conditions on the field ∆, coming from Eq. (50), and obtain
The part involving Re 1 E k +iΓ is exact and comes about because the Keldysh action must be real. In the third term of Eq. (54), we have also made the assumption that Ω Γ. Using the non-equilibrium population deviation 1 − n 11 k − n 22 k given in Eq. (13) for small |∆| we see that this agrees to leading order for small |∆| with Eq. (18); a computation of the exact trace in Eq. (52) would presumably reproduce Eq. (18) to all orders.
V. CONCLUSIONS
We have demonstrated that superconductivity can be achieved in a laser-driven two-band semiconductor interacting with reservoir -either in the form of a tunneling contact to a metal, or in the form of other modes in the band, or in the form of a third band (see appendix). The superconductivity is robust to changes in temperature, and under optimal conditions, the size of the superconducting gap scales with the decay rate Γ. We found that depending on the sign of the band curvatures, it is possible to obtain superconducting pairing s pulsive and attractive interactions. We can estimate how stringent is the condition given in Eq. (21) for the threshold for producing superconductivity with two bands and reservoirs. To do so we compare our results to regular BCS theory. At zero temperature, the BCS gap equation may be written as V ρ (k F ) ln ωD ∆ = 1. Here ρ (k F ) is the density of states at Fermi energy and ω D is the Debye frequency. Using the experimentally relevant parameters ω D ∼ 100K and ∆ ∼ 1K we obtain V ρ (k F ) ∼ 0.2. We note that V is the effective electron-electron interaction which includes the effects of phonons and screening. For the superconductivity proposed in this manuscript we have obtained the threshold equation
Using κ ∼ 10 6 eV −1 c 2 , Γ ∼ 10 −3 eV , |v − | ∼ 10 −2 c this condition simplifies to 0.2 × 10 2.5 > 1 which is easily satisfied. We note that for the case of repulsive interactions |V | N 0 can be larger. These numbers are relevant for room temperature superconductivity. We note that the same threshold condition shows up in the case of an optically pumped two-band semiconductor considered in Sect. III and in the case where the laser Rabi frequency is small but the two decay rates are very different, see Eqs. (31) and (43). Eq. (45) establishes that all our results are unaffected by mismatches in the Fermi velocities of the upper and lower band as long as these mismatches are only roughly ten percent of the Fermi velocity. The present results are also insensitive to imprecision in tuning the right µ on the order of 0.01 eV. We note that imperfections in finding the right µ do not effect the results presented in Sect. III as the condition E 1 (k) + E 2 (−k) = 0 is automatically selected. Even though T c (critical temperature for superconductivity) does not scale with the gap for our setup, as in the case of a regular superconductor, we note that under optimal conditions it is possible to achieve a gap that is several hundred Kelvins.
We unveiled a new route to induce superconductivity, not simply by lowering the temperature of the sample but by shining light. In a semiconductor, such photoinduced superconductivity is possible at temperatures smaller than the band gap, which itself is a very high temperature. Hence, the mechanism may enable dissipationless current transport for frequencies smaller than that set by the superconducting gap at room temperature. In many ways the ultimate limit on our setup is the temperature dependence of the rate Γ. T c is set by the relationship
Additionally, one can imagine applications where the superconductivity is induced for short periods of time by laser pulses and is allowed to decay when the laser is turned off. This opens the door for superconducting switches. We intend to perform a DMFT analysis of the phenomena to study the effects of strong correlations and strong laser driving. Also we intend to study the time dependence of the conductivity. We shall also study the optical response of the proposed superconductor as well as investigate the possibility of a Josephson effect. the electron velocities of the lower and upper bands are opposite at the wave vector k 0 . Under such conditions, we find that depending on the curvature of the lower and upper bands at k 0 it is possible to induce superconductivity with either repulsive or attractive interactions, in particular to obtain a non-vanishing anomalous correlator c
We drop all terms rotating at 2ω 0 since they are not resonant with any transition. By adding dissipative mechanisms and considering fermion bilinears we may study the non-equilibrium steady state properties of this model. Note that in the rotating frame, n 
where we introduced the notation E k ≡ E 1 (k) + E 2 (k) and Γ 12 is a phenomenological decay rate associated with the damping of the order parameter. This simplifies to
This equation is identical to Eq. (10) and seems to be an ubiquitous condition for superconductivity. This expresses that to ensure superconductivity, we once again need to have a nonzero n 11 k + n 22 k − 1 = 0. This is the rationale behind the presence of the third band -which does not interact with the other two bands but merely acts as "storage" for electrons. To find the steady-state value of n 
We have introduced three spontaneous decay rates Γ 1 , Γ 2 , Γ 3 and a dephasing time τ . For many semiconductors τ −1 Γ 1,2,3 because it is hard to exchange populations between the bands, by including say Coulomb interactions, but rather easy to have energy fluctuations which lead to dephasing. In the case the semiconductor has a strong coupling to optical phonons, this inequality may be violated as all the decay rates may become comparable. Notice that the previous equations ensure the conservation of particle number, i.e. n ,
with ε k ≡ E 2 (k) − E 1 (k). Note that s †21 k vanishes when Γ 1 = 0 but Γ 3 = 0. In this case there is no population in the the middle band, i.e. n 33 k = 0. However, one would not expect that s †21 k = 0 if we simultaneously tune Γ 1 , Γ 3 ↓ 0 as some population will be trapped in band 3 (reservoir) if both decay rates go down to zero with the same rate, which can be seen from the analysis of Eq. (A12).
Self-Consistency Equation
We now solve self-consistently for the superconducting gap. The pairing part of the mean-field Hamiltonian in Eq. (A1) originates from a microscopic Hamiltonian which involves a density-density type of interaction between the electrons in the semiconductor. The corresponding mean-field decoupling is given in Eq. (38). To obtain most favorable conditions for superconductivity, we shall once again assume that the electron velocities of the lower and upper bands are opposite at the wave vector k 0 . At the resonant surface S ω0 , the dispersion relation can be Taylor-expanded as E 1,2 = v 1,2 q ⊥ + κ 1,2 q 
N 0 is the density of states at k 0 . We note that
is needed to satisfy the condition, which means that by tuning band curvatures it is possible to have superconductivity with both attractive and repulsive interactions. Furthermore, we note that in the case in which the Rabi frequency is large, the integral in Eq. (A13) greatly simplifies and the threshold condition for superconductivity becomes
In the small damping limit (i.e. small Γ 12 ), the inequality is easily satisfied. This condition is highly similar to the condition obtained for superconducting threshold in
